Aqueous chemically grown ZnO nanorods ͑NRs͒ arrays were sensitized by CdSe quantum dots ͑QDs͒ and were investigated as photoanode for photoelectrochemical water splitting under visible light ͑Ͼ420 nm͒ illumination. Significant enhancement of the factors 1.6 and 6 was observed for CdSe ͑QD͒-sensitized nonannealed and annealed samples of ZnO NRs over pristine ZnO NRs arrays, respectively. The highest photocurrent density of 2.48 mA/cm 2 was registered for the annealed CdSe ͑QD͒/ZnO ͑NR͒ arrays films at zero applied voltage and 100 mW/cm 2 ͑AM 1.5 G, Air Mass 1.5 Global͒ power density and their corresponding photocurrent density for pristine ZnO NR array was recorded as 0.41 mA/cm 2 . © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3473788͔ All rights reserved. Direct bandgap ͑3.37 eV͒ semiconductor zinc oxide have attracted great attention as a smart material for optoelectronics, surface acoustic wave devices, spintronics, sensors, catalysis, and light emitting diodes.
Direct bandgap ͑3.37 eV͒ semiconductor zinc oxide have attracted great attention as a smart material for optoelectronics, surface acoustic wave devices, spintronics, sensors, catalysis, and light emitting diodes. [1] [2] [3] [4] [5] Inherent properties of ZnO such as large exciton binding energy ͑60 MeV͒ over TiO 2 ͑6 MeV͒ and GaN ͑21 MeV͒, bio-and complementary metal oxide semiconductor compatibility, abundant availability, deep penetration power, and short diffusion length for incident photon than TiO 2 made ZnO superior to others. Additionally, the 10 to 100 times more carrier mobility of ZnO than that of TiO 2 6 facilitates the smooth electron transfer and reduces electrical resistance of the lamellar ZnO array. Nanostructures are preferred over their bulk counterparts because of their high surfaceto-volume ratio, short diffusion length, and deep penetration by photon ͑causes low reflectivity͒. Furthermore, one-dimensional ͑1D͒ nanomaterial improves the degree of charge transport over bulk materials. Light-sensing optoelectronic material ZnO can be maximally exploited by morphological modification accompanied with elemental ͑C, S, and N͒ 7 doping or visible light sensitization using quantum dots ͑QDs͒ ͑CdS, CdSe, CdTe, and others͒ [8] [9] [10] or dyes. Hanna and Nozik 11 highlighted the sensitizer capacity of visible light responsive QDs, which not only have tunable dot size and bandgap but also conveniently generate multiple charge carriers, under single high energy photon exposure. Although CdSe nanofilms on ZnO nanowires 12, 13 were used in solar cells, no one used CdSe ͑QDs͒/ZnO nanorods ͑NRs͒ for water splitting till date. Hence, the arrays of CdSe QD-sensitized ZnO NRs are adopted for the study. The quantum confinement effect results in the enlargement in bandgaps by shifting the conduction band ͑CB͒ of the QDs to more negative potentials vs saturated calomel electrode ͑SCE͒.
14 In nanoCdSe, materials have almost the same CB position as compared to ZnO. Thus, CdSe QDs with their increased bandgaps are expected to have favorable driving forces for injecting electrons from the CB of CdSe into the CB of ZnO and facilitate the hydrogen generation. Figure 1a displays the most probable mechanism of charge transfer in CdSe ͑QDs͒/ZnO ͑NRs͒. In a typical CdSe ͑QDs͒/ZnO ͑NRs͒ system, on exposure to visible light, electrons jump from the valence band ͑VB͒ of CdSe to the CB of the same, then dive into the CB of ZnO and flow into the circuit via the 1D rod structure of ZnO. Ultimately, these electrons reached at the cathode to reduce the water and generate hydrogen. The holes created in the VB of CdSe were consumed by a sacrificial reagent. Figure 1b illustrates the annealing effect on transport properties of the CdSe ͑QD͒/ZnO ͑NR͒ array. Before annealing, due to the presence of linker 3-mercaptopropionic acid ͑MPA͒, i.e., sandwiched between CdSe QDs and ZnO NRs, it hinders the carrier flow, resulting in less photoresponse. Annealing of MPA-escorted CdSe ͑QD͒/ZnO ͑NR͒ autoignite MPA, which is responsible for the high photovoltaic performance of the sample.
This investigation explores low cost fabrication of CdSe ͑QD͒-sensitized ZnO ͑NR͒ arrays as a photoanode for photoelectrochemical water splitting; their successive characterization and the effect of annealing of CdSe ͑QD͒/ZnO ͑NR͒ arrays on the photoresponses under visible light irradiation were also examined.
Experimental
Synthesis of ZnO NRs.-All chemicals were used as purchased. Selective ZnO NR arrays were harvested on a fluorinated tin oxide ͑FTO͒ substrate ͑TCO22-15, Solaronix, 15 ⍀/cm 2 ͒ by an aqueous solution growth method. 15 Zinc oxide seeds on FTO was deposited by submersing well-washed FTO in an anhydrous alcoholic solution of Zn͑acac͒ 2 ·2H 2 O͑0.4838 g, 0.002 M, Merck, 90%͒ and then dried under N 2 flow, followed by washing with DI water ͑DIW͒. The submergence process was repeated eight times and, finally, the sample on FTO was annealed for 30 min at 350°C. ZnO NRs were grown by placing the seeded substrates facedown at a 45°angle in a 200 mL aqueous solution of 0.06 M zinc nitrate hexahydrate ͓Zn͑NO 3 ͒ 2 ·6H 2 O, 3.57 g, J.T.Baker, 99%͔ and 0.06 M hexamethylenetetramine ͓͑CH 2 ͒ 6 N 4 , 1.68 g, Acros Chemicals, 99%͔, succeeded by proper Al foiling of the beaker, which was heated for 24 h in an oven at 90°C. Afterward, washing immediately of the above harvested ZnO arrays with DIW took place and, finally, the substrate with ZnO NRs was calcinated at 450°C for 30 min.
The single crystalline nature of the lamellar ZnO arrays grown along the 002 plane was confirmed by X-ray diffraction ͑XRD͒ patterns, high resolution transmission electron microscopy ͑HRTEM͒ images, and selected area electron diffraction ͑SAED͒ patterns corresponding to HRTEM and field-emission-scanning electron microscopy ͑FESEM͒ equipped with energy-dispersive X-ray spectroscopy ͑EDS͒.
Synthesis of CdSe.-CdSe QDs were synthesized using a method similar to the one described by Qu and Peng 16 with minor modifications. A solution of selenium ͑Se, 1.2 mmol, Acros Organics, 99.5%͒, tri-n-octylphosphine ͑TOP, 1.3 mmol, Alfa Aesar, 90%͒, and 1-octadecene ͑10 mL, Aldrich, 90%͒ was injected into a hot and clear solution of CdO ͑4 mmol, Hayashi Pure Chemicals, 99.99%͒ and oleic acid ͑0.01 mol, Aldrich, 90%͒ in 12.6 mL 1-octadecene at 280°C under N 2 atmosphere for 2 min, which yielded a TOPstabilized deep orange solution of CdSe QDs. CdSe QDs soluble in hexane were precipitated by addition of ethanol. The particle size of the CdSe QDs was calculated using the following equation
In the above equation, D ͑nm͒ is the size of the CdSe sample and ͑nm͒ is the wavelength of the first excitonic absorption peak of the ultraviolet-visible ͑UV-vis͒ spectrum, i.e., ͑nm͒ = 551, experimentally observed for this particular case. Here, the corresponding particle size of CdSe is 3.06 nm, as obtained from Eq. 1, which is consistent with HRTEM observations. Ligand exchange.-ZnO and CdSe have a strong affinity toward the -COOH and -SH groups of the linker molecules ͑MPA͒, respectively; therefore, ligand MPA with the functional groups carboxylate and thiol end were used to tether with CdSe QDs and ZnO NRs, respectively. Anchoring of CdSe QDs to ZnO was performed after CdSe was modified by ligand exchange ͓TOP to MPA ͑Fluka, 90%͔͒; the method was mentioned elsewhere. 18 80 mg TOP-escorted CdSe in 60 mL methanol was refluxed in N 2 atmosphere with 0.40 mmol ligand or 0.0424 g of MPA at pH 11.4 ͑pH adjusted by tetramethylammoniumhydroxide, Sigma-Aldrich, in 25% methanol͒ and 65°C temperature for 20 h in the dark. Excess ligand was removed by dispersing the precipitation in ethyl acetate and, finally, MPA-escorted CdSe was dissolved in methanol. ZnO NRs were sensitized with the CdSe QD ͑0.28 mM͒ solution using a layer-by-layer deposition method.
Photoelctrochemical measurements.-A Pyrex glass photoelectrochemical cell ͑PEC͒ with a quartz window and a conventional three-electrode system comprised an SCE as the reference electrode, a Pt flag as the counter electrode, and the sample as the working electrode. Photocurrent density-applied voltage ͑J-V͒ characteristic measurements were recorded under the illumination of a 300 W xenon light source ͑Ͼ420 nm͒ of power density 100 mW cm −2 and AM 1.5 G in the applied voltage range of Ϫ1 to +1 V at 25°C. All reported potentials were relative to the SCE reference electrode. An aqueous solution of 0.35 M Na 2 S and 0.25 M K 2 SO 3 ͑pH 13.3͒ was used as the electrolyte to stabilize CdSe QDs against light exposure. The exposable area of the working electrode of the CdSe ͑QD͒/ZnO ͑NR͒ array film was ϳ1 cm 2 ͑001͒, which was connected to the circuit with copper wires using a silver paste and the rest of the area was sealed with epoxy resin.
CdSe ͑QD͒/ZnO ͑NR͒ arrays were analyzed by an X-ray diffractometer ͑X'Pert PRO, Cu K␣ radiation at = 1.5406 Å͒, a fieldemission-scanning electron microscope ͑Hitachi S-4000͒ and its corresponding energy-dispersive X-ray spectroscope and high resolution transmission electron microscope ͑JEM-2100F, at 200 kV͒ with their respective SAED pattern, and a UV-vis spectrophotometer ͑UV-1700, Shimazdu UV Probe͒. A light source ͑300 W, Xe lamp HX1, model PE300UV, Perkin-Elmer͒ and an electrochemical analyzer ͑Auto Laboratory potentiostat model PGSTAT30͒ with the general purpose electrochemical study manager software were used to monitor the PEC response of the samples. The intensity of irradiation ͑AM 1.5 G, 100 mW cm −2 ͒ was checked using a thermopile ͓Gentec͑͒ Solo-2, model UP12E105-H5͔ with a displayer for visible irradiation ͑ Ͼ 420 nm͒ at the beginning and end of every photovoltaic run.
Results and Discussion
The aqueous chemical growth 15 method was applied to harvest the ZnO NRs on the FTO substrate. The wurtzite crystal structure of ZnO favored well-aligned hexagonal facets for ZnO NRs. Alternate planes of stacked fourfold-coordinated O 2− and Zn 2+ ions directed a net dipole moment along the c-axis. 19 Therefore, single crystals of ZnO grew along the ͑002͒ polar plane. CdSe QDs ͑bandgap ϳ2.23 eV, particle size ϳ3 nm͒ were synthesized using a method similar to that described by Qu and Peng. 16 CdSe ͑QDs͒/ZnO ͑NTs͒ have been used for this study because of the notably suitable driving force of 3 nm particle sized CdSe QDs to dive from the CB of CdSe into the CB of ZnO, which offers new opportunities to harvest light energy in the visible region of solar light. TOP-stabilized hydrophobic CdSe QDs were well dispersed in an organic solvent ͑hexane͒ and were not suitable to be attached with ZnO. Therefore, the modification of TOP-stabilized CdSe QDs was performed by a ligand exchange process using hydrophilic linker MPA. Figure 2a and b represents HRTEM images of CdSe QDs on a ZnO NR array and the corresponding SAED pattern of ZnO NRs, respectively. The fringes separated by 1.6 and 2.6 Å distances correspond to the ͑101͒ and ͑002͒ reflections for the CdSe ͑hexagonal͒ and ZnO lattices, respectively. This observation indicates that the ZnO NRs were cropped along the preferred ͑002͒ plane. The characteristic SAED pattern of the single crystalline hexagonal ZnO NRs presented in Fig. 2b and the rod morphology of the sample yielded the elongated diffraction spots in the SAED pattern. Figure  2c displays the HRTEM images that confirmed the successful loading of a 5-10 nm thick CdSe QD layer on the ZnO NR surface and the size of the individual CdSe QDs is ϳ3 nm. The nanoarchitecture of ZnO was observed by acquiring ͑FESEM͒ images, which are shown in Fig. 2d-f . ZnO NRs have an almost uniform height of ϳ2 m ͑Fig. 2d͒ and regular hexagonal-faced rods, as exhibited in Fig. 2e ͑edge distance ϳ100 nm, diagonal distance ϳ200 nm, and top area ϳ0.026 m 2 ͒, with an average density of around 5 rods/m 2 and a diameter of 200-300 nm ͑Fig. 2f͒. The EDS finding shown in Fig. 3 supports the presence of CdSe QDs on the ZnO NR surface and demonstrates the elemental presence of Zn, Cd, and Se in the sample accompanied by Cu that comes from the sample holder. The EDS study also confirms the atomic ratio between Cd and Se atoms ϳ1:1 consistent with the theoretical stoichiometric ratio of CdSe. The compact-homogeneous nanotabular structure of n-type ZnO tends to facilitate a lower series resistance and makes the path of carriers smooth in the growth direction ͑c-axis͒. When a semiconductor film is immersed in an electrolyte solution under visible light irradiation, charges ͑electrons and holes͒ generated at the ZnO surface get separated after sensitization with CdSe QDs and move toward the interface ͑an area between the electrolyte and the photoanode͒ because of the difference in the tendency of phases to gain or lose electrons that generate an electric field ͑diffusion layer͒ at the surface of the semiconductors. The large surface area of ZnO with hexagonal edges and high crystallinity favors efficient charge separation and suppresses the number of recombination centers. 20 Moreover, the short diffusion length of ZnO provides a direct conduction of electrons injected from QDs and reduces the electron diffusion time from the point of injection to the back contact that indirectly reduces electron-hole recombination.
The XRD patterns of ZnO NRs presented in Fig. 4b and c revealed that the single crystalline rods of ZnO grew along the preferred orientation ͑002͒. The wurtzite phase of synthesized ZnO NRs ͑Fig. 4b͒ agreed well with the standard JCPDS card no. 79-2205 ͑Fig. 4a͒. No additional peaks of ZnO, except for the 002 peak, were detected for the ZnO nanostructure. Figure 4c represents the CdSe ͑QD͒/ZnO ͑NR͒ sample annealed at 350°C for 0.5 h, performed to remove the volatile impurities and crystallinity enhancement, but prominent peaks of CdSe were not found because the loading concentration of CdSe QDs on ZnO NRs was very low; therefore, CdSe signals are not very easily exhibited by the XRD pattern. Nonannealed CdSe ͑QDs͒/ZnO ͑NRs͒ were not included in the paper because the XRD pattern recorded for the above resembles Fig. 4b .
The electrophotovoltaic performance of CdSe QD-sensitized ZnO NRs was observed in a PEC. The characteristic photocurrent density-voltage ͑J-V͒ study was performed under a 300 W Xe light source ͑Ͼ420 nm͒, illuminated with a power density ͑AM 1.5 G͒ of 100 mW cm −2 in a three-electrode reactor. In each PEC run, an initial spike in photocurrent occurred due to diffusion of charge carriers, but this effect was transient. Afterward, a diffusion layer formed at the solution and electrode interface, then a steady current profile was recorded from the samples whose profiles were taken for comparison among different samples of CdSe ͑QDs͒/ZnO ͑NRs͒. Therefore, J-V observations were reported after the stabilization of the photocurrent. Aqueous 0.35 M Na 2 S and 0.25 M K 2 SO 3 ͑pH 13.3͒ were used as the sacrificial electrolyte to suppress the photocorrosion of CdSe. The stability of ZnO films with NR arrays in the sacrificial electrolyte was also checked through an amperometric current density vs time curve, recorded at an applied potential of +0.35 V and under an irradiation power density of 100 mW/cm 2 for 1800 s ͑Fig. 5͒. All examined samples exhibited a very small dark current density of the order of 10 −4 -10 −6 mA/cm at the applied potential range of Ϫ1.0 to 1.0 V vs SCE. The photoresponses in terms of photocurrent densities of ZnO NR arrays displayed in Fig. 6 were 0.41, 1.53, and 2.48 mA cm −2 at zero applied potential for pristine ZnO NR, CdSe QD-sensitized, and annealed CdSe QDsensitized samples of ZnO NRs, respectively. A wide potential window with a width of ϳ1.5 V ͑−0.9 to +0.6 V͒ was attributed to good electron exchange. 21 The large photocurrent accumulating on the ZnO surface, credited by CdSe sensitization, was responsible for the 1.6-fold increase in the photocurrent density over that of pristine ZnO NR samples. This improvement in photocurrent density is caused by the assembly of CdSe-MPA-ZnO, which facilitates the injection of electrons from the CB of CdSe to the CB of ZnO. The electron transfer rate decreases as the length of the linker increases; therefore, a short bifunctional linker ͑MPA:HS-CH 2 CH 2 -COOH͒ was employed to inject electrons across the interface from the QD to ZnO. The high electron mobility ͑23 cm 2 Vs͒ 22 of ZnO NRs at room temperature holds a great promise to be used as a good electron conducting material. Thereafter, a flow of the electrons originating from CdSe in the circuit reached to the counter Pt electrode via ZnO rods, where they reduce the water and produce hydrogen. Furthermore, the sixfold enhancement in photoresponse upon annealing might be attributable to the closer approach of CdSe to ZnO due to the autoignition of linker MPA at 350°C, which causes the settlement of CdSe in free pores of ZnO that reduce the number of defects, resulting in suppression in recombination centers. Annealing also contribute to a higher degree of crystallinity of the deposited CdSe, which is responsible for the apparent increase in photocurrent.
Conclusions
In summary, the low cost fabrication of CdSe-sensitized ZnO nanoarchitected array rods is described for photoelectrochemical water splitting. The effectiveness of these arrays as photoanodes for PEC was determined by measuring their photoresponses, and a proposed mechanism of electron transfer is also elucidated. 1.6 and 6-fold increases in photocurrent density were observed for CdSe ͑QDs͒ MPA/ZnO ͑NRs͒ and annealed CdSe ͑QDs͒/ZnO ͑NRs͒ over pure ZnO NR samples. The CdSe ͑QD͒/ZnO ͑NR͒ samples annealed at 350°C for 30 min showed the best photovoltaic property. The results demonstrate that the device has great potential for optoelectronic applications and confirm that CdSe QDs can be used as an effective sensitizer for ZnO 1D nanostructures, whose photoconversion response can be readily tuned by controlling the ZnO morphology. Figure 6 . ͑Color online͒ Electrophotovoltaic plots of CdSe ͑QD͒/ZnO ͑NR͒ arrays ͑exposure area ϳ1 cm 2 ͒ in 0.35 M Na 2 S and 0.25 M K 2 SO 3 electrolyte solution ͑pH 13.3͒ under AM1.5 G illumination of power density 100 mW/cm 2 at applied potential range Ϫ1 to +1 V. Inset shows enlarged view of J-V ͑vs SCE͒ around zero bias current.
